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STIMULATED RAMAN SCATTERING AND FOUR-WAVE MIXING
IN COz-PUMPED PARA-II2
J. L. Carlsten and N. A. Kurnit
(Text »f talk to be presented by J. L. Carlsten at Topical Meeting on Intrared

Lasers, Los Angeles, CA, Dec. 3=5, 1980)

We have tor some time been tollowing an alternate approach to the kaman
shitting of CO, radiation than the one to be descoribed today, namely the
asmplitication in a hollow dielectrie wavegnide of Stokes radiation provided
by erther o tunable dvode loser ar an HE pumped 0PO, The setup tor these
experiments, which was desoribed at the CLEOS mvvtnng.l 1s shown e hig. 1,
which s relevant to the work to be discusse! hereo Basically, the Stokes
source and €O, are combined with orthogonal polarization on o Ge beamrplitter
and rendered appositely carcularly polarized by oo KBr Fresnel rhomb, and
then co=propagated thycugh the amplytying medium, 10 thas case contained an
G dm LN scoolted aluoar e aveguide. Wath this svstem, gain as high as vq i
the peak ot mode=locked spikes was observed, and with an HE 0PO as rnput
sonrce s tne sy tem could be drven anto pump depletion, but only for well-
modes locked pulses,

With the success o, Jratna and Hyer and the xxon grnup.i in using
multipass retocusing cells, we hegan work on these glso, and 1 will desoribe
today our work both with o room temperature multipass cell (MPC)Y simvbar to
the one studied by Trutna and Hyer and alse o wath o LN =coaled MPC as has
been studied extensively by the group at HAXnn.’

'n particaular, the results Listed an bag. 2 obtained with the mult-

pass cell whose characteristies are given an Fag. 3 will be divcussed.  In



addition to the gain measurements with the diode, we have obtained fully-
depleted pump pulses with an OPO input, and have observed two-frequency
depletion using two-pump pulses and one Stokes input, which is initiated by
four-wave mixing. Such two-freauuency operation has been reported by
Rabinowitz.a We have also obtained pump depletion starting from noise with
a strong 9-pm pump.

In a recent experiment w« have used a n.i(‘rowave-shifted5 output of a
CFA ]aser6 as an injection secd source into the room temperature MPC which
allowed us to make gain me: ;urements as a function of probe frequency. We
have also run our MPC at 78 K which with the increase in gain allowed us Lo
obtain fu'l pump depletion with no injected seed source.

In all of these experiments the process involved is stimulated rota-
tional Raman scattering in pnru-Hz. Figure 4 shows an energy level diagram

ot the relevant rotational levels "n the lowest vibrational state of para-il.,.

Scattering occurs trom the J = 0 to the J = 2 rotational state which gives a
‘ . -1 ‘
Raman shift of 354,36 cm . By using para=H,, trom the blowoff of LI, one

eliminates the odd rotational levels and thereby increase the gain for the
J =20 te J = 2 Raman transition.

Figure 5 shows Uhe setup we used for measuring the gain using o 17=-pm
drode. The previousiy mentioned waveguide was used as o pre-amplifier so
that we could monitor the input signal to the multipass cell and the ampl-
fied cutput on simildar, moderately fast (MO0 ns) Hgedle detectors.  Also,
in this way, the Stokes input spectrum to the multipass cell has been
tailored to that of the free=running CUJ, with the exception that the

bandwidth of the room temperature H, will net support pulses as narrow as
-

those which the low temperature, higher pressore waveguide can produce,



Pictures taken with a high speed Cu:Ge detector of the pulses amplified by
the room temperature cell alone (Fig. 6) indicate structure which is some-
what more highly peaked than that of the C02, but not greatly so, indicating
that the gain cannot follow the very fast CO2 spikes, as it can at lower
temperature and higher pressure. We have therefore used an averaged value
for estimates of the peak power, although this may somewhat underestimate
the effective power. We have also seen comparable outputs with a smoothed
CO2 input pulse, but with less reliability, which we believe is due to the
greater accuracy needed in diode tuning th the narrow-line CO,

2

Figure 7 gives a comparison ol the gain measured with the diode as well

source.

as that obtained from the buildup from roise with the 9=-pm pulse, with the
theoretical gain, calculated from what are helieved to be reliable values ol
the anisolropic part of the polariznhility7 and Raman lint-widlh.B which has
been measured to be 23% greater in room temperature purn-Hz thau the value
normally quoted for normal-H,. The gain at low temperatiare is not as accurate
as that at room temperature because the low=temperature linewidth has not
heen measured.  Calculations based on the work of Van Kram-mlnnkq indicate
that the linewidth at 77 K differs from that at room temperature only by the
difterence in Adensity, but this theory has been shownB to give the wrong
dependence of linewidth on ortho=paras concentrations unless an arbitrary
choice is made for the collision time. 1t is doubtiul that this or any
other theory we are aware ollo can be trusted to give a good a=prior) valuoe
of the low temperature linewidth: however the assumption that [~N as probably
valid to withi. 20 or 30%.

The experimental number anas been extracted using the mode=sverlap

. . 3 s
result used by Rabinowitz,” and ansumes the pump and Stokes are both



given by lowest order modes. These assumptions do not accurately account
for diffraction losses due to the non-uniform gain profile, and hence tend
to overestimate the gain;11 also, the gain is lower for any higher-order
mode contained in the pump.

Figure 8 shows the setup used with the HF OPO. 1In this case, the
Stokes frequency was fairly strongly absorbed by the CO2 in the amplifier,
and it was pecessary to combine the beams after the amplifier. Figure 9a

shows a 10 pm CO, pump pulse observed on a photon drag detector after the

)
multipass cell with and without the OPU, together with a typical Stokes
output pulse. One can sec that the pulse is in fact takea down to the
baseline over a large portion of the pusp pulse.  Energy outputs of up te
800 mJ (accommting tor optics losses) have been measured in this way,

Figure 9bh shows the eftect of adding a second (I()2 laser frequency,
which happens to he a 9-pm line devived from Lthe same CUz oscillalnr.ll The
top trace shows the Y= pump, the middle trace the 10-pm pump, which is
even more strongly depleted than in the corresponding picture without the
9=um input, and tinallv, the Y=pm depicted pump, which is also strongly
depleted even though it s not seeded (and at this pump power would not
generate any Stokes output without the 10=pm pump and its Stokes).  This
bhehavior is expected on the basis ot the theory ot four coupled waves inter-
acting with the mvdinm,lj as we can see from Fig, 10,

Under the assumption of no pump depletion and no dispersion (which s
strictly valid an this case since the coherente length s kilometers for any
combinat ion cf an lines), the equations for four-wave=mixing (with phase
set to that which maximizes the growth of the weakest wave) yield solutions

in which the Stokes waves grow together with an exponential gain factor



which is the sum of the gain from the two waves. They differ ouly in the
pre-exponential factor which is determined by which wave is seeded. In Fig.
11, these solutions are written in terms of the output intensities in the
high gain limit, and we see that the outputs are in the ratio of the input
intensities, aside from frequency factors. This behavior is expected to he
carried on into saturation, and this has been verified through analytic
solutions obtained by Jay Ackerhalt\]"" as l'nf\'ud'd " ﬁ'& Ha,
Figure 12 presents -ome data of outpul energy near 14 pm and 16 pm as a
function of the 9=-pm pump energy fer three values of 10-pym pump with only
the 10 pm seeded. For strong 10=-pm pump, the corresponding output at ~lo pm
is relatively constant over the whole range (the dip at high 9-pm energy is
due to the 10 pm output of the Lumonics amplifier becoming weaker for strong
9-pm pulses.) Even at Jow Y=pm pump intensity a large fraction of 9 ym is
converted to 14 pm. As the Y=-pm intensity is increased, this fraction also
increases.  For smaller values of 10=pm energy, little 14 pm is produced
until the Y=-pm energy i made large, and the 16-um encergy also shows a
corresponding increase; that is, the 9 pm becomes the pulse which drives the
system, cven though the 10 pm is the one wholi is seeded.
Figure 13 shows a 9 pm depleted pulse with no input Stokes source.
This laser happened to produce a relatively short pulse on this line,
with essentially no energy in a tail. Thus the pedk power was consid=
erably higher for the Y=pm Line than for the 10, and the frequency
factor in the gmin is also in its favor. The thresheld tor tull deple-
tion near the peak of the pulse was alsu near the threshold for gas
breakdowr in in the cell, although this may have been caused by dust in
the cell. Our breakdovn threshold continuously got higher as a fanction

of time after having the cell open.



Figures 14-16 are photos of our MPC which can be operated at either 78
K or 300 K. Running this cell at room temperature, we measured the ampli-
fication of a microwave shifted CFA laser as a function of microwave shift.
The experimental apparatus is diagramed in Fig. 17. Basically the CFQ

replaced the OPO of previous experiments. However in this case the CF4
laser was single mode and the microwave shifts allowed fine frequency tuning
of the probe beam. The results of this experimental measurement of the gain
vs !requency of the probhe is shown in Fig. 18. With existing microwave

equipment, we were able lo tune in the region of 0.95 to 1.55 GHz from Raman

and were recantly, (n a iom believed 1o e close To (ine canlen
resonance with the center of the CO, mode distrihutioq‘ As can be seen from

2
Fig. 18, the gain increased with some modulation as we tuned ncarer to
resonance. The modulation is due to the longitudinal mede structure of the

C02 pump, which was run at 1 J to keep below saturation. The gain at line

center for this experimental! setup using single mode lasers is expected to

0 nanew ru-k, T"~ w/\::d‘.\'j( =ow Gain, uu me witha a
" Hoa-u-ull el - MJ‘ KSH\. W\ i e
e 1077, LJ“tuuc. M s (vas ) u-;.u...-'rrY 3‘ e!{
U “fusie U»“ ‘ Mn ve 1.. v\c
A(kerhall has dHllVde Ll amplification of an off rvbnnanL probe €,

with a multimode pump laser and finds that for a probe that is tuned into

Raman resonance with the nth mode of pump, the total Stokes output is

1 = l? et exp (al 2)
s s | p

s shown in Fig. 19, where ll| , is the intensity of the nth mode ot the pump
and lP is the intensity summed over all the ftongitudinal modes of the puamp.
Thus we sce that the profile giver in Fig. 19 is basically a measure of the
CO2 punp longitudinal mode distribution, and that even at line center the
amplification will be less for the broadband pump due to this prefacter than

for a4 single mode pump.



Figure 20 shows the experimental setup used for the cold cell opera-
tion. In this case the cell was cooled with LN2. Figure 21 shows a typical
oscilloscope tracing of the pump pulse before the MPC, the pump pulse after
the MPC, and generated Stokes output for the MPC operating at 78 K with 39
passes. As can be seen, roughly half way up the CO2 pump pulse, the stimu-
lated Raman scattering is driven to saturation. In this case the pressure
1n the MPC was 150 tﬁfr ’Para's2 Eg the CO2 Rump laser was run multi-long

“3’ ‘ua sn-.laur v withe the cell opevetad at roowe q‘tmﬂ'ﬂh‘"—
tu 1na1 mode Q Lave a so seen comparable depletion (Fig. 2%2 with the CO

22a. ¢

pump run 51ngle mode by the insertion of a low-pressure gain cell in the
oscillator. Figures 23-24 show further comparison of the saturation with
the single mode and multi-mode pump.

Figure 25 shows the effect of CO2 pump energy on the CO2 pump depletion.
In this case the CO2 laser was run single mode. The initial CO2 pulse is
shown bty the dashed line. Pump depletion starts when the COZ pump is at the
1.28 J region. From this point on small increases in pump energy lead to
large changes in depletion. We believe this is due to the inter-cell crossings
discussed by Perry et ul.(a)

Using the mode-overlap ecxpression for gain, we have extracted an esti-
mate of the plane wave gain coefficient, « = 8.6 » 10-5 cm/Mw, which is 129
lowcr than our theoretical value, V.o have estimated the transient effect

using the calculations of Carman et a].ls
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H,—-RAMAN 300° K MULTIPASS CELL m

RESULTS

RESULT

GAIN OF ¢ OBSERVED WITH PRE-AMPLIFIED
DIODE INPUT AND 10 MW CO, PUMP

STRONG PUMP DEPLETION REACHED 'VITH
< 100 x4 OPO INPUT AT 10 MW CO, PUMP
(WITH G.P. ARNOLD AND R.W. WENZEL)

TWO-FREQUENCY SATURATED OUTPUT OBTAINED
WITH 9 um AND 10 um INPUTS AND SINGLE STOKES
INPUT VIA 4-WAVE MIXING

PUMP DELETIOlN STARTING FROM NOISE OBTAINED
WITH 30 MW 9 um PUMP

GAIN MEASURED vs STOKES FREQUENCY
(MICROWAVE SHIFTED CF, LASER)
(WITH R. ECKHARDT, D.H. GILL, i.. HAYNES AND J. TELLE)

H,—RAMAN 78° K MULTIPASS CELL

STRONG PUMP DEPLETION STARTING FROM NOISE
WITH 25 MW 10 um PUMP
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H, RAMAN MULTIPASS CELL CHARACTERISTICS

OFF-AXIS SPHFRICAL INTERFEROMETER

37/39 PASSES, 98.7% REFLECTIVITY (50% THROUGHPUT)
R=2m,|=347m, 7w3/\ = 0.69 m

1 atm. (TYPICAL) p-H, AT 300° K

200 torr (TYPICAL) p-H, AT 78° K
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FOUR-WAVE MIXING
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